The planar cell polarity (PCP) pathway regulates morphogenesis in various organs. The polarized localization is a key feature of core PCP factors for orchestrating cell polarity in an epithelial sheet. Several studies using Drosophila melanogaster have investigated the mechanism of the polarized localization. However, to what extent these mechanisms are conserved and how the polarization of core PCP factors is maintained in mature vertebrates are still open questions. Here, we addressed these questions by analyzing the dynamics of Vangl2, a member of core PCP factors, in the mouse oviduct epithelium. Multiple core PCP factors including Vangl2 were expressed in the mouse oviduct in postnatal stages. Vangl1, Vangl2 and Frizzled6 had polarized localization in the oviduct epithelium. Exogenously introduced expression of green fluorescent protein (GFP)-tagged core PCP factors by electroporation revealed that Vangl1, Vangl2 and Prickle2 are localized on the ovarian side of the cell periphery in the oviduct. To visualize the Vangl2 dynamics, we generated the R26-Vangl2-EGFP transgenic mice. In these mice, Vangl2-EGFP was ubiquitously expressed and showed polarized localization in multiple organs including the oviduct, the trachea, the lateral ventricle and the uterus. Fluorescence recovery after photobleaching (FRAP) analysis in the mature oviduct revealed that Vangl2 in the enriched subdomain of cell periphery (cellular edge) was more stable than Vangl2 in the less-enriched cellular edge. Furthermore, when a subregion of a Vangl2-enriched cellular edge was bleached, the Vangl2-enriched subregion neighboring the bleached region in the same cellular edge tended to decrease more intensities than the neighboring sub-region in the next Vangl2-enriched cellular edge. Finally, the polarization of Vangl2 was observed in nocodazole treated mouse viduct, suggesting the maintenance of Vangl2 asymmetry is independent of microtubule formation. Taken together, we revealed the characteristics of Vangl2 dynamics in the oviduct epithelium, and found that Vangl2 forms stable complex at the enriched cellular edge and forms compartments. Our data collectively suggest that the mechanism for maintenance of Vangl2 asymmetry in mature mouse oviduct is different from the microtubule dependent polarized transport model, which has been proposed for the reinforcement of the asymmetry of two core PCP proteins, Flamingo and Dishevelled, in the developing fly.
Introduction
Planar cell polarity (PCP) refers to the cell polarity of the epithelium in a plane perpendicular to their apical-basal axis. Genetic studies in fly identified a group of genes required for PCP formation. Many PCP genes are conserved in vertebrates, and recent studies have revealed that PCP genes regulate various morphological events in a wide variety of species (Goodrich and Strutt, 2011; Wang and Nathans, 2007; Shi et al., in press) . A group of PCP gene products, called "core PCP" protein, form polarized localization within each cell (Adler, 2012) . In fly wings, Flamingo (Starry night), Frizzled, Diego and Dishevelled form a protein complex on the distal cell cortex, and Flamingo, Van Gogh (Strabismus) and Prickle form another protein complex on the proximal cell cortex (Zallen, 2007) . This asymmetry of the two protein complexes is suggested to have roles in orchestrating the cell polarity with neighboring cells through feedback amplification (Axelrod, 2001; Strutt, 2001; Tree et al., 2002a Tree et al., , 2002b .
Several mechanisms are reported for the formation of polarized protein localization (Peng and Axelrod, 2012; Strutt and Strutt, 2009 ). In the fly wing, GFP-tagged Frizzled and Dishevelled vesicles show polarized movement from the proximal side to the distal side, which is suggested to be important for the asymmetry formation of core PCP factors (Matis et al., 2014; Shimada et al., 2006) . Apical microtubule networks are polarized along proximal-distal axis (Harumoto et al., 2010; Matis et al., 2014; Shimada et al., 2006) , and the microtubule is critical for the Frizzled vesicle movement (Shimada et al., 2006) . The polarized apical microtubule networks are also found in mouse tracheal cells (Vladar et al., 2012) . Another key feature of the polarized core PCP proteins is that they form a stable complex at the specific subdomain of the cell periphery. In Drosophila wings, Flamingo and Frizzled form puncta at the cell junctions with other core PCP proteins, and the fluorescence recovery after photobleaching (FRAP) analysis revealed that these puncta are highly stable . FRAP analysis in the Xenopus laevis ectoderm also showed that the recovery rates of core PCP proteins are different according to the direction of the cellular edges along the tissue axis (Chien et al., 2015) . Thus, it is suggested that the asymmetry of core PCP proteins on the cell periphery is reinforced by both the polarized transport of PCP proteins along the microtubule network, and by the subsequent stable complex PCP proteins form.
The oviduct, or fallopian tube, is a tube where ovulated oocytes are collected and fertilized while being transported from the ovary to the uterus. The epithelium consists of ciliated cells and secretory cells. In the infundibulum of the oviduct, which is the region close to the ovary, around 80% of epithelial cells are ciliated, which generates a flow to transport the oocytes toward to the uterus (Agduhr, 1927; Shi et al., 2011 Shi et al., , 2014 Stewart and Behringer, 2012; Yamanouchi et al., 2010) . The alignment of the ciliary movements is an example of PCP, and recently, we demonstrated that one of the mammalian Flamingo homologues, Celsr1, is required for the PCP formation in the mouse oviduct (Shi et al., 2014) . The size of the oviduct increases in length and radius postnatally, accompanied by ciliogenesis (~postnatal 3 weeks) and the formation of epithelial folds (~postnatal 6 weeks) (Agduhr, 1927; Shi et al., 2014; Stewart and Behringer, 2012) .
Van Gogh is identified as a tissue polarity gene in fly (Taylor et al., 1998; Wolff and Rubin, 1998) . In mice, Vangl1 and Vangl2 (Ltap/ Lpp1) have been identified to be the homologues of Van Gogh (Kibar et al., 2001; Murdoch, 2001; Wolff and Rubin, 1998) . Both genes encode four-pass transmembrane proteins. Vangl1 and/or Vangl2 have been shown to have polarized localization in the inner ear (Montcouquiol et al., 2006) , the node in the early post-implantation embryos (Song et al., 2010) , the skin epidermis (Devenport and Fuchs, 2008) , the trachea (Kunimoto et al., 2012; Song et al., 2010; Vladar et al., 2012) , the lateral ventricle (Guirao et al., 2010 ) and so on. Genetic studies revealed that Vangl1 and/or Vangl2 are required for various developmental processes including the PCP formation of hair cells in the cochlea and neural tube formation (Montcouquiol et al., 2006; Torban et al., 2008 Torban et al., , 2012 . As it is indicated in fly, the polarized localization of Vangl2 requires other core PCP proteins like Celsr1 (Devenport and Fuchs, 2008; Montcouquiol et al., 2006) .
One of the key differences between the mouse oviduct epithelium and fly wing epithelium is that the core PCP proteins maintain their polarized localization in adult oviduct, but lose their polarized localization in mature fly wing (Shi et al., 2014; Shimada et al., 2006) . Since animals have significant growth postnatally, PCP signaling should have an important role in orchestrating the cell polarity in such growing tissues. But how the polarized localization of core PCP proteins is maintained is still unknown. In this study, we analyzed the dynamics of Vangl2 in the mature mouse oviduct epithelium by generating R26-Vangl2-EGFP transgenic mice to understand that how the polarized localization of core PCP proteins is maintained. Time-lapse imaging and FRAP analysis were carried out to characterize the dynamics of Vangl2.
Results

PCP gene expression in the oviduct
We examined the expression of PCP genes in the mouse oviduct by reverse transcriptional quantitative real time polymerase chain reaction (RT-qPCR). "Core PCP" genes Vangl1, Celsr1 and Frizzled6 showed increasing mRNA expression along the developmental course from postnatal day 5 (P5) to postnatal 12 weeks (12 w; Fig. 1A and B) . In contrast, Dchs1, Dchs2 and Fat4, which are often classified as "global PCP" genes (Adler, 2012; Devenport, 2014; Ma et al., 2003) , showed decreasing mRNA expression as development proceeded (Fig. 1C and  D) . We also detected the expression of Frizzled3, Vangl2, Fat1 and Prickle2 (Fig. 1E and F) . Next, we analyzed the protein localization patterns of several core PCP proteins along the developmental course (Fig. 2) . Previously, we reported that Celsr1 is enriched at the circumferential cell-cell boundaries, which are perpendicular to the longitudinal axis of the oviduct from P5 to postnatal 11 weeks (Shi et al., 2014) . In addition, we found that other core PCP proteins, Vangl1, Vangl2 and Frizzled6, were also enriched at the circumeferential cell-cell boundaries in the oviduct epithelium from P5 to P25 (Fig. 2) . The polarized localization was more evident from P15 compared to P5.
Forced expression of EGFP-tagged core PCP proteins by electroporation
To characterize the asymmetric localization of core PCP proteins at cellular level, we constructed various vectors expressing enhanced green fluorescent proteins (EGFP)-tagged core PCP proteins and introduced them to the oviduct epithelium of mature female mice by electroporation (Fig. 3) . We observed the marginal cells of patches of electroporated cells or single electroporated cells, and found that Vangl1-EGFP and Vangl2-EGFP localized to the ovarian side of the cell periphery ( Fig. 3A and B) . The EGFP-Vangl2 fusion protein, in which EGFP is fused at the N-terminus of Vangl2, also showed a similar pattern of localization (data not shown). EGFP-Prickle2 was also localized at the ovarian side of the cell contours (Fig. 3C) . In contrast, Celsr1-EGFP was localized at the cell contacts shared with electroporated cells, suggesting a homophilic interaction of Celsr1 between neighboring cells (Fig. 3D ).
Generation of R26-Vangl2-EGFP transgenic mice
Since the Vangl2-EGFP fusion protein showed a similar localization pattern as endogenous proteins in the oviduct epithelium, and the dynamics of Vangl2 had not yet been reported in mammalian tissues, we focused on the Vangl2 dynamics in mouse oviducts. We tried to generate Vangl2-EGFP transgenic (Tg) mice with the expression vector used in the electroporation experiment, however, no clear fluorescent signal was detected in the oviduct among all the 16 lines of Tg mice established (data not shown).
We speculated that it was caused by gene silencing, and constructed a new vector where the Vangl2-EGFP expression sequence is sandwiched by insulators (Fig. 4A) . We also changed the promoter from the cytomegalovirus (CMV) promoter to the Rosa26 promoter, which has been shown to drive gene expression in a ubiquitous manner in mice (Abe et al., 2011 (Abe et al., , 2013 Friedrich and Soriano, 1991; Kurotaki et al., 2007) . Of the 9 established Tg mouse lines, 8 lines showed the polarized localization of Vangl2-EGFP in the oviducts and three lines (#E, #K, #L) showed relatively strong signals (data not shown). We analyzed the adult mice of these three lines and found that the polarized localization of Vangl2-EGFP was detected not only in the oviduct (Fig. 4B ), but also in the lateral ventricle (Fig. 4C ), the airway (Fig. 4E ) and the inner ear (Fig. 4F ), in accordance with previous reports (Boutin et al., 2014; Guirao et al., 2010; Kunimoto et al., 2012; Montcouquiol et al., 2006; Song et al., 2010; Vladar et al., 2012) . Furthermore, we also found that the Vangl2-EGFP is polarized in uterus epithelium (Fig. 4D) , where Vangl2 has been shown to function in the morphogenesis and the embryo implantation (Vandenberg and Sassoon, 2009; Zhang et al., 2015) . All of the three lines showed similar localization patterns (data not shown). Therefore, our R26-Vangl2-EGFP Tg mouse is a useful tool to detect the cell polarity from a wide variety of tissues in the mouse, and to analyze the dynamics of Vangl2 proteins in vivo.
Dynamics of Vangl2-EGFP in mouse oviduct
We monitored the dynamics of Vangl2-EGFP in the cultured mouse oviduct. The polarized localization was detected during the ex vivo time-lapse imaging, mimicking the endogenous protein in mature mice. We found that some epithelial cells possessed Vangl2-EGFP vesicles (Fig. 4G, arrows) . The movement of these vesicles were captured, however we could not detect movement of these vesicles with directional polarity (Fig. 4H , Movies S1, S2).
We also found that the fluorescent signals formed several puncta on the enriched region of the epithelial cell's periphery in a subset of cells (Fig. 4G , an arrow head). These puncta were reminiscent of the puncta of core PCP proteins reported in fly wing , suggesting that Vangl2-EGFP also forms a stable complex on the ovarian side of the epithelial cell junction.
FRAP analysis of Vangl2-EGFP
To assess the turnover of Vangl2-EGFP in the mouse oviduct, we carried out FRAP analysis on different regions of the cellular periphery. In FRAP analysis, the average intensity of the bleached region is measured and transformed to the recovery rate. A high recovery rate indicates a high turnover rate of the subject protein. For FRAP analysis, the oviduct of R26-Vangl2-EGFP Tg mice was longitudinally opened and put on to a collagen gel with the luminal surface facing up. The oviduct on the gel was soaked into medium, and the fluorescent signal was captured by microscopy through a water immersion lens. The Vangl2-EGFP enriched regions (ovarian side cell junctions) showed a significantly lower recovery rate compared to the non-enriched regions ( Fig. 5A-D) . These data also support the idea that Vangl2-EGFP forms a stable complex in the enriched region.
To further analyze the regional difference of Vangl2-EGFP mobility, we measured the time course of fluorescent signal intensities in the sub-regions (Areas 2 and 3) neighboring the bleached area (Area 1; Fig. 5E ). We observed that neighboring sub-regions on the same cellular edge (Area 2) lost their intensities after bleaching, suggesting that Vangl2-EGFP diffuse within the same cellular edge (Fig. 5F , G, Movie S3; n = 3). We could not observe evident decreases of intensities in the neighboring sub-regions of the contacting cellular edge (Area 3) at least within 29 min (Fig. 5F , G, Movie S3; n = 3). These data suggest that the diffusion of Vangl2-EGFP within the same cellular edge is different from that of Vangl2-EGFP across the cellular edges.
Dynamics of EB1-EGFP in mouse oviduct
Since the microtubules networks are suggested to play a role in formation of polarized localization of core PCP proteins, we addressed whether the microtubules networks are also required for the maintenance of Vangl2 asymmetry. At the beginning, we used EB1-EGFP knock-in mice to characterize the microtubule networks in the mouse oviduct epithelium (Abe et al., 2011) . EB1 is identified as a Adenomatous polyposis coli (APC) binding protein (Su et al., 1995) , and is widely used as a marker for the plus end of polymerizing microtubules (Harumoto et al., 2010; Mimori-Kiyosue et al., 2000; Morrison et al., 1998; Shimada et al., 2006 ). EB1-GFP shows cometlike trajectories in time lapse imaging, labeling the tip of the elongating microtubules.
At the apical surface of the ciliated cells in the mouse oviduct, EB1-EGFP formed a lattice-like structure, where EB1-EGFP was stable, and did not show comet-like signals ( Fig. 6A white arrows, Movie S4; n = 10). In the 1-2 μm more basal region, comet-like signals of EB1-EGFP were observed ( Fig. 6A red arrows, Movie S4; n = 10), reflecting EB1-EGFP proteins move fast and thus suggesting a turnover of the microtubule network. We could detect some bias in the direction of EB1-EGFP trajectories in single time-lapse images ( Fig. 6B , C, Movies S5 and S6). However, the total dataset did not show a strong bias toward a specific angle according to the ovary-uterus axis ( Fig. 6D ; p = 0.047 (N 0.01) in Rayleigh Test of uniformity). Instead, we found that EB1-EGFP was enriched at the uterine side of the cell periphery ( Fig. 6A white arrowheads). The enrichment of EB1 is also reported in cultured primary mouse tracheal epithelial cells (MTEC), where endogenous EB1 and tyrosinated α-tubulin localized to the same specific cellular edge, and Prickle2, which is shown to be localized at the lung side of the cell periphery in the trachea, is enriched in the opposite side (Vladar et al., 2012) .
Vangl2-EGFP localization upon nocodazole treatment
We treated the longitudinally opened oviduct with microtubule depolymerizing drug nocodazole (10 μM) to analyze the function of microtubule polymerization. After the nocodazole treatment, EB1-EGFP comets in the oviduct epithelium had been absent within 5 min (Fig. 7A , B, Movie S7 and S8; n = 2). The enriched EB1-EGFP on the uterine side of the cell periphery persisted for a while after the nocodazole treatment ( Fig. 7B and Movie S8; n = 3), but disappeared within 24 h after the treatment (Fig. 7C and Movie S9; n = 3). The lattice-like structure was slightly detected but almost disappeared within 24 h after the treatment (Fig. 7C and Movie S9; n = 3). However, the polarized localization of Vangl2-EGFP could be observed even in 24 h after the nocodazole treatment ( Fig. 7D, E ; n = 2). Endogenous Vangl2 also showed the polarized distribution upon nocodazole treatment (data not shown). These data suggest that the enriched Vangl2-EGFP at the cell periphery was quite stable, and the microtubule polymerization is not required for the maintenance of this asymmetric localization.
Discussions
Expression of PCP genes in oviduct epithelium
In this study, we characterized the expression of PCP genes and the localization of several core PCP proteins. The expression pattern of PCP genes during postnatal stage can be categorized mainly into three types (Fig. 1) ; genes which gradually increase in expression levels (Vangl1, Celsr1 and Frizzled6; Fig. 1A, B) , genes which decrease (Dchs1, 2 and Fat4; Fig. 1C, D) , and genes which are relatively stable (Frizzled3, Vangl2, Fat1, and Prickle2; Fig. 1E, F) . This may correlate with molecular interactions of PCP factors depending on developmental stages, although the functional relevance remains unclear. The localization of core PCP was biased during the postnatal development of the oviduct (Fig. 2) . We previously reported that Celsr1 is polarized in the oviduct epithelium from P2 (Shi et al., 2014) . In the airway, core PCP proteins are detected and polarized from E14.5, prior to the ciliogenesis at E16.5 (Vladar et al., 2012) . The initiation of polarized core PCP protein localization in mouse oviducts should occur in earlier stage including the embryonic stages. We also detected the high expression of Fat4 and Dchs1 in the earlier stage of the oviduct (Fig.1 ). Fat4 and Dchs1 regulate cell and tissue polarities in various organs (Mao et al., 2015; Saburi et al., 2008 Saburi et al., , 2012 , and their Drosophilla homologue Fat and Dachsous are reported to orient the direction of the polarized core PCP proteins and wing hairs in fly (Ma et al., 2003; Matakatsu and Blair, 2004) . The roles of Fat4 and Dchs1 in the oviduct morphogenesis should be elucidated in the future.
Mechanisms for the maintenance of Vangl2-EGFP asymmetry
We set up an electroporation experiment system to induce exogenously introduced gene expression in the mouse oviduct epithelium. This method will be useful to modulate gene expression in a mosaic manner in the epithelium. By electroporation, we showed that Vangl1-EGFP, Vangl2-EGFP and EGFP-Prickle2 localized at the ovarian side of the cell periphery in the oviduct, which is the upstream side of the oviductal flow (Fig. 3) . This is in accordance with previous reports which showed that Vangl2 localized at the specific domains of cell junctions at the upstream side of ciliary beating in mouse multi-ciliated cells (Boutin et al., 2014; Guirao et al., 2010; Vladar et al., 2012) , but in an opposite manner to the ciliated cells in Xenopus epidermis (Butler and Wallingford, 2015) . Celsr1-EGFP showed different localization pattern and did not mimic the planar-polarized localization of endogenous Celsr1 (Fig. 3D ). Given that the expression level is similar between Celsr1-EGFP and Vangl2-EGFP, our data suggest that the mechanism of polarizing core PCP proteins might be different between Celsr1 and Vangl2, and/or the capacity of such mechanism for Vangl2 could be higher than that of Celsr1. Our data and previous reports indicated that Celsr1-EGFP binds in a homophilic manner across the cell membrane (Devenport and Fuchs, 2008) , which should be an important character of Celsr1 for its polarized localization. However, mere homophilic binding would not be sufficient to generate the polarized localization but would result in an even distribution around the cell periphery. The difference of the polarization mechanism in Vangl2 and Celsr1 might arise from the existence or nonexistence of the homophilic binding.
To assess the mechanisms for the maintenance of Vangl2-EGFP asymmetry, we used R26-Vangl2-EGFP Tg mice where Vangl2-EGFP is ubiquitously expressed (Fig. 4) . We observed Vangl2-EGFP vesicles in the epithelium, but could not detect any clear bias in their motion (Fig. 4G, H , Movies S1 and S2). Since the polarized transport of Van Gogh vesicles has not been reported in fly to our knowledge, we speculate that Vangl2 is polarized not by the polarized vesicle transport at least in the mature oviduct. Endogenous Vangl2 also formed some vesicles in the cytoplasm (Fig. 2D ), but the function of these vesicles is still largely unknown. By photobleaching experiments, we found that the diffusion of Vangl2-EGFP within the same cellular edge is higher than that of Vangl2-EGFP from adjacent cellular edges (Fig. 5) . Several mechanisms can cause this phenomenon. One is that core PCP proteins of neighboring cells form stable protein complex extracellularly across the cell boundary. In such case, the complex can diffuse within the same cellular edge but hardly cross the tricellular vertex because it will require a remodeling of the complex with the core PCP proteins of the other cell. As previously reported in other tissues, Vangl2 seems to form a stable core PCP complex in the oviduct because: 1) Vangl2 colocalized with one of the core PCP protein Celsr1 (Fig. 2D and E) , 2) Vangl2 in the enriched region is more stable than Vangl2 in non-enriched region (Fig. 5A-D) , 3) the polarized localization of Vangl2 is Celsr1-dependent (Shi et al., 2014) . Another, but not exclusive, hypothetical mechanism is that tricellular proteins, the proteins localized at the tricellular vertex, function as a barrier for the diffusion of core PCP proteins to reinforce the enrichment of localization. Septins are one example for such proteins. In Xenopus mesoderm, GFP-Sept7 interacts with core PCP proteins and is enriched at the tricelllular vertex (Shindo and Wallingford, 2014) . Although it is suggested that PCP signaling controls the polarized actomyosin through Septins in Xenopus mesoderm (Shindo and Wallingford, 2014), we speculate that tricellular proteins like Septins can function in the maintenance of polarized core PCP protein.
The dynamics and functions of microtubule network
We characterized the microtubule networks in the oviduct epithelial cells by using EB1-EGFP knock-in mice. The schematic representation of EB1-EGFP signals in the ciliated cells of the oviduct is shown in Fig. 6E . We found that EB1-EGFP formed lattice-like structure in the apical region of the ciliated cells (Fig. 6A) . Various ciliated cells are reported to possess apical microtubule networks (Kunimoto et al., 2012; Werner et al., 2011 ). Since we could not monitored comet-like signals in the lattice (Movie S7), we think that EB1-EGFP is localized at this stable microtubule network where the microtubule turnover is not quite often. This is also in accordance with that the lattice-like EB1-EGFP signals did not disappear after nocodazole treatment immediately (Fig. 7B) .
We also found that the enriched EB1-EGFP signals on the uterine side of the cell periphery in a more basal region of the ciliated cells. The polarized localization of EB1 is also found in the airway (Vladar et al., 2012) . In spite of the clear asymmetry of the EB1-EGFP, we could not detect an evident polarity in the trajectory of EB1-EGFP comet (Fig. 6 ). Since the polarized α-tubulin alignment is reported in the airway (Vladar et al., 2012) , we speculate that even though the direction of microtubule elongation captured by EB1-EGFP are not strongly biased, the stabilized microtubules could be polarized, and their plus ends were bound with EB1 in the oviduct. We showed that the nocodazole treatment did not cause the substantial loss of Vangl2 asymmetry in the mouse oviduct (Fig. 7D,  E) . In the oviduct with long treatment of nocodazole (24 h), latticelike signals of EB1-EGFP became unclear, and the EB1-EGFP comets and the polarized enrichment of EB1-EGFP disappeared. These data suggest that the microtubule polymerization and the microtubule structure mentioned above are not required for the maintenance of the polarized localization of Vangl2 in mature oviduct. This is also reported in the cultured tracheal cells, where the differentiated MTEC maintained the polarized localization of Prickle2 upon nocodazole treatment (Vladar et al., 2012) . Since nocodazole treatment is reported to have effects on the polarization of core PCP proteins to some extent in the differentiating MTEC (Vladar et al., 2012) , the reinforcement of core PCP protein asymmetry in the mouse oviduct during the development could be microtubule dependent as reported in flies (Shimada et al., 2006) . It is worthy of note that microtubule networks in ciliated cell also have function in orchestration the ciliary polarity in each cell (Vladar et al., 2012; Werner et al., 2011) , and the PCP pathway and the microtubule networks are reported to regulate each other (Chien et al., 2015; Vladar et al., 2012) . In the trachea of Vangl1 mutant mice, the asymmetric tyrosinated α-tubulin is absent (Vladar et al., 2012) . Thus, the lattice-like structure and the polarized enrichment of EB1 might have roles in regulating the ciliary polarity and/or under the regulation of PCP pathways in the mouse oviduct.
Materials and methods
Animals
Female mice (Slc:ICR; Japan SLC, Japan) were used for analysis. Animal care and experiments were conducted in accordance with the Guidelines of Animal Experiment of the National Institutes of Natural Sciences. The experiments employed in this study were approved by the Institutional Animal Care and Use Committee of National Institutes of Natural Sciences. The animals were kept in a light and temperature controlled room with a 12-hour light/dark cycle at 22 ± 1°C. Generation of R26-Vangl2-EGFP Tg mice is described in Section 4.6. R26-EB1-EGFP knock-in mice (CDB0248K) were described previously (Abe et al., 2011) .
RT-qPCR
Total RNA was extracted from oviducts using an RNeasy mini kit (QIAGEN), and then cDNA was synthesized using a SuperScript II or III First-Strand Synthesis System (Invitrogen) with random hexamer. RTqPCR analysis was carried out using KAPA SYBR FAST for Roche LightCycler 480 (KAPA Biosystems) and LightCycler 480 (Roche Diagnostics). The amplification conditions were as follows: denaturation at 95°C for 3 min, 50 cycles of 95°C for 10 s, 60°C for 20 s, and 72°C for 1 s. Cp value (crossing point: cycle number at detection threshold) was calculated by second derivative maximum method, and the gene expression level was defined as 2 − Cp . The primer pairs and product size for each gene are shown in Table 1 . Melting curve analysis was used to exclude abnormal amplification. RT-qPCR analysis was carried out with two independent cDNA sets for each developmental stage, and results from both were similar. Results from one data set are shown in Fig. 1 .
Immunohistochemistry
The antiserum against Celsr1 was generated according to the previously reported method (Devenport and Fuchs, 2008) . The purified antiserum was used for immunohistochemistry at the dilution rate of 1:100. Anti-E-cadherin hybridoma (ECCD-2) cell culture supernatant (1:2) was a gift from M. Takeichi (Shirayoshi et al., 1986) . The following reagents were purchased: anti-Vangl1 (1:500; SigmaAldrich, Catalog #HPA025235), anti-Vangl2 (1:500; Sigma-Aldrich, Catalog #HPA027043), anti-Frizzled 6 (1:100; R&D systems, Catalog #AF1526) and Alexa Fluor-conjugated secondary antibodies (1:500; Molecular Probes). The fluorescent images were taken using a Nikon A1 confocal microscope (Nikon, Japan) and FV-1000 confocal microscope (Olympus, Japan). Sample manipulations were basically same as previously reported (Shi et al., 2014) . Oviducts were dissected, opened longitudinally, and fixed with 100% methanol at − 20°C for 30 min. After treatment with 100% acetone at − 20°C for 1 min and Dulbecco's phosphate-buffered saline without Ca 2+ (PBS), samples were blocked with Blocking One (Nacalai Tesque, Japan) at room temperature (RT), and incubated with primary antibodies in Blocking One at 4°C overnight. After washes with PBS, the samples were incubated with fluorescently labeled secondary antibodies at RT for 3 h. After washes, the oviducts were mounted with their apical side up in Fluoromount-G (SouthernBiotech, USA). Since the direction of epithelial folds is longitudinal to the oviduct, the direction of the ovary-uterus axis in each image was determined by referring the fold direction.
DNA construction
Celsr1-EGFP vectors are gifts of E. Fuchs (Devenport and Fuchs, 2008) . Other vectors were constructed as followings using KOD plus polymerase (TOYOBO). Amplified DNAs were sequenced by ABI 3130xl Genetic Analyzer. According to the registered mouse gene sequence at KEGG database (Kyoto Encyclopedia of Genes and Genomes, http://www.genome.jp/kegg/), deleted bases, which may be the mutations introduced during the amplification, were added by inverse PCR with adequate primers and KOD plus polymerase.
Vangl1-EGFP
Vangl1 full length cDNA was amplified from cDNA by using following primers (Vangl1-5; GAAGCGGAAAGCAGCAGAGAC, Vangl1-3; ACGCAAGTGGGTGTGTAGTGTTT) and restriction sites were added subsequently by PCR using following primers (EcoRI-Vangl1-5; CCGA ATTCGCTTGCCATTGCTATGGATACCG, Vangl1-BamHI; GGTGGATCCCGA CTGATGTCTCAGACTGTAAGCGAAGAAC). After digestion, the EcoRIVangl1-BamHI fragment was cloned into pEGFP-N2 (Clontech).
Vangl2-EGFP
An EcoRI-Vangl2-KpnI fragment was amplified from cDNA by using following primers (EcoRI-Vangl2-5; CCGAATTCGTTCGGACGCCATGGA CACCGAGTCC, Vangl2-KpnI-3; GGGGTACCCCACAGAGGTCTCCGACTGC AGCCG). After digestion, the EcoRI-Vangl2-KpnI fragment was cloned into pEGFP-N2.
pEGFP-XX/pcDNA3 vector for adding EGFP at the N-terminus of the target protein
A HindIII-EGFP-BamHI fragment was amplified from pEGFP-1 (Clontech) by using following primers (HindIII-EGFP-5; CCAAAGCTTG CCACCATGGTGAGCAAGGGC, EGFP-BamHI; CCGGATCCCTTGTACAGCTC GTCCATGCCG). After digestion, the HindIII-EGFP-BamHI fragment was cloned into pcDNA3.
EGFP-Vangl2
An EcoRI-Vangl2-ApaI fragment was amplified from cDNA by using the following primers (EcoRI-Vangl2-5, Vangl2-ApaI-3; GAATAGGGCC CAGTCACACAGAGGTCTCCGACTGC). After digestion, the EcoRI-Vangl2-ApaI fragment was cloned into pEGFP-XX/pcDNA3.
EGFP-Prickle2
A BamHI-Prickle2-EcoRI fragment was amplified from cDNA by using following primers (BamHI-Prickle2-5; AAGGATCCGTAACAGTGA TGCCGCTGGAGATG, Pk2-EcoRI-3; CAGAATTCTTTACGAAATGATACAGT TTTTGC). After digestion, the BamHI-Pk2-EcoRI fragment was cloned into pEGFPOO/pcDNA3.
EGFP-Prickle2 in pEGFP-N2
HindIII-EGFP-BamHI fragment and BamHI-Prickle2-NotI fragment were obtained by digestion of EGFP-Prickle2 (Section 4.4.5) separately, and both fragments were cloned together into the pEGFP-N2 vector digested by HindIII and NotI. Fig. 3C was captured after transfecting this construct.
Electroporation
Procedures of surgical manipulation were referred from the protocol of oviduct transfer of mouse embryos (Behringer et al., 2014) . Adult female mice were anesthetized and the reproductive tract was exposed from the dorsal side. DNA solutions (1 μg/μl in Tris-EDTA buffer) were colored by Fast Green at the final concentration of 0.05%, and injected to the oviduct from the end of the oviduct at the ovarian side through the glass pipette by blow. Then the oviduct was sandwiched by tweezers electrode (Nepagene, CUY650-P5), and 5 repeats of square-wave pulse (50 ms on, 100 ms off) at 20 V were applied by an electroporator (Nepagene, CUY-21). After changing the position of the electrode, electric pulse was applied again. Then, DNA was injected again, and electronic pulse was also applied twice. The body wall was sutured and the skin was closed by wound clips (Autoclip, Becton, Dickinson and Company, Catalog #427,631). 4 days later, oviduct samples were collected and longitudinally opened to analyze the fluorescent signal.
After fixation with 4% PFA in PBS, samples were treated by 0.1% Triton X-100 in PBS and stained by Texas Red-X phalloidin (1:100; Molecular Probes, Catalog #T7471).
4.6. Generation of R26-Vangl2-EGFP Tg mice 4.6.1. DNA construction HindIII-Vangl2-EGFP-NotI fragment was cloned into pENTR2B vectors (invitrogen) by digestion of Vangl2-EGFP vector (Section 4.4.2), and then Vangl2-EGFP was flanked with attL1/L2 sequences. For generating a transgene vector, the Vangl2-EGFP fragment was recloned into p2xcHS4-R26p-2xcHS4-DEST vector, which was comprised of 2xcHS4 insulator flanked cassette containing the Rosa26 promoter (R26p), the Reading Frame Cassette A of the Gateway Conversion System harboring attR1/R2 and rabbit beta-globin poly A (pA) signal sequence, by LR reaction (Invitrogen; Abe et al., 2013; Kisseberth et al., 1999; Stewart et al., 2009) . The attL/R recombination gave rise to the attB1/B2.
Generation of transgenic mice
Transgenic mice were generated by pronuclear microinjection according to a modified method of previously published protocols (Katsuki and Nomura, 1987) . Fertilized eggs of B6C3F1/Slc (Japan SLC, Japan) were collected from superovulation induced females who had been crossed with males. Linearized DNA fragment of R26-Vangl2-EGFP by AseI digestion of the plasmid (Section 4.6.1) was purified and injected into the pronucleus of the zygote. Then, injected eggs were cultured in modified Whitten's medium (Mitsubishi Chemical Medience, Japan) in 5% CO2 incubator at 37°C overnight. Embryos at two-cell stage were collected and transferred to pseudo-pregnant Slc:ICR female mice. Tissue DNA was extracted from littermates and the genotype was determined by PCR using primers against GFP (EGFP-1; GGCAAGCTGA CCCTGAAGTTCATCTGCACC, EGFP-2; ATCGCGCTTCTCGTTGGGGTCTTT GCTCAG), yielding a PCR product of 531bp. Tg mice were maintained by crossing with C57BL/6JJmsSlc mice.
Time-lapse imaging and FRAP analysis
For short time-lapse imaging of EB1-EGFP and transient observation of Vangl2-EGFP, longitudinally opened oviducts were put onto a glass bottom dish filled with Dulbecco's modified eagle's medium/Ham's nutrient mixture F-12 (DMEM/F-12 1:1, Nacalai tesque, Catalog #08,460-95, Japan) so that the apical surface of luminal epithelium faces the glass. After setting the dish on an inverted confocal microscope (Nikon A1), the medium was discharged by a pipette to immobilize the oviduct by surface tension. The cilia beatings were used as an indicator of healthy cells. The trajectory of EB1-EGFP comet-like signals was traced by an ImageJ plugin MTrackJ (Meijering et al., 2012) .
For long time-lapse imaging of Vangl2-EGFP, components of the collagen gel (Cellmatrix Type I-A, Nitta Gelatin, Japan) were mixed (10× concentrated DMEM, 3 mg/ml collagen, reconstitution buffer (50 mM sodium hydroxide, 260 mM sodium hydrogen carbonate, 200 mM HEPES); 1:8:1 volume) in a 35 mm culture dish and incubated for 2 min at 37°C to let the mix to partially gelate. Then, a longitudinally opened oviduct of Vangl2-EGFP Tg/+ mice was put onto the gel so that the luminal surface faces the upside and incubated at 37°C in 5% CO 2 chamber for 30 min. DMEM (without phenol red) was poured into the dish, and the epithelial surface was observed by an upright confocal microscope (FV-1000, Olympus) through water immersion lenses (LUMPlanFL N40× and LUMPlanFl 100 ×, Olympus) directly. Oviducts were incubated at 37°C in 5% CO 2 conditions in a culture chamber set on to the stage of the microscope (Tokai Hit, Catalog #INUG2-UM, Japan). For FRAP analysis 25 pixels (≈ 2.05 μm with a 100 × lens), or 40 pixels (≈4.12 μm with a 40× lens) squares were selected as region of interest (ROI), and photobleached by 488 nm laser for two seconds at 100% of emission. Then, 512 pixels square images were captured for at least 25 min and at least one minute interval. StackReg plugin in ImageJ were used to cancel the drift during the time-lapse imaging (Thévenaz et al., 1998) . The temporal transition of the average intensity of the ROIs including the photobleached one was measured. Linear approximation was carried out by Excel software (Microsoft). Mann-Whitney U test was carried out by R.
Drug treatment of tissue culture
Longitudinally opened oviducts were placed into a glass bottom dish and cultured at 37°C in 5% CO 2 chamber with DMEM/F-12 (1:1). Nocodazole (Wako Pure Chemical Industries, Catalog #140-08,531, Japan) was added to the medium at the final concentration of 10 μM. Vangl2-EGFP signals and EB1-EGFP signals were captured as described in the previous section (Section 4.7).
Supplementary data to this article can be found online at http://dx. doi.org/10.1016/j.mod.2016.05.002.
